The division of the S. cerevisiae budding yeast, which produces one mother cell and one daughter cell, is asymmetric with respect to aging. Remarkably, the asymmetry of yeast aging coincides with asymmetric inheritance of damaged and aggregated proteins by the mother cell. Here, we show that misfolded proteins are retained in the mother cell by being sequestered in juxtanuclear quality control compartment (JUNQ) and insoluble protein deposit (IPOD) inclusions, which are attached to organelles. Upon exposure to stress, misfolded proteins accumulate in stress foci that must be disaggregated by Hsp104 in order to be degraded or processed to JUNQ and IPOD. Cells that fail to deliver aggregates to an inclusion pass on aggregates to subsequent generations.
INTRODUCTION
Protein aggregation has the potential to cause toxicity in any cell where it is not properly managed. Cells have therefore developed a multilayered quality control machinery to avoid accumulating aggregates or to sequester aggregating proteins in a way that reduces their harmful impact (Rujano et al., 2006; Tyedmers et al., 2010a) . The necessity for quality control does not stop at the intracellular level: cell division is the cell's final opportunity to prevent aggregates from being inherited by the next generation. This intergenerational form of quality control has been termed spatial quality control (Nyströ m, 2011; Treusch et al., 2009) .
In budding yeast, while the mother cell ages with each new budding event until it dies, the daughter cells are born with a new replicative life span clock. Although this phenomenon has been well documented (Delaney et al., 2011; Nyströ m, 2011; Treusch et al., 2009) , we know little about the molecular events that cause either aging or aging-associated death. Likewise, it is unclear how daughter cells avoid inheriting the replicative aging state of the mother. In previous studies, it was noted that in budding yeast, the replicative aging of a mother cell corresponds to the asymmetric inheritance of damaged pro-teins, as visualized either with an antibody against carbonylated proteins that were chemically modified with dinitrophenylhydrazine or a green fluorescent protein (GFP)tagged aggregate-binder, like the Hsp104 chaperone (Aguilaniu et al., 2003; Henderson and Gottschling, 2008; Shorter and Lindquist, 2006; Winkler et al., 2012) . Yeast that were deleted for the Sir2 deacetylase (Delaney et al., 2011) or Hsp104 chaperone had a shortened life span corresponding to contamination of daughter cells with damaged proteins during division .
The mechanism through which mother cells asymmetrically inherit aggregates has remained controversial. One study (Liu et al., 2010) demonstrated that the Sir2 deletion resulted in a defect in the actin cytoskeleton. Actin, in turn, was shown to be required for preventing Hsp104-colocalizing puncta from entering the nascent bud via a mechanism mediated by the ''polarisome'' complex anchoring actin cables. A recent direct response to this study (Zhou et al., 2011) tracked the motions of Hsp104-bound protein aggregates in live yeast cells. Since the trajectories they observed were quite jagged, it was concluded that the aggregates' movements should be modeled as an ad hoc stochastic process that would produce the experimentally observed distribution of time dependence for meansquare displacement as a function of time. On this basis, the study argued that the curious phenomenon of asymmetric inheritance of aggregates upon cell division is the result of just such a random diffusion process taking place in boundary conditions determined by the shape of budding yeast.
Here, we argue against the stochastic model of Zhou et al. (2011) and in favor of an alternative mechanism for keeping nascent buds free of aggregates. By carefully tracking model proteins from misfolding and aggregation in the mother cell until after cell division, we have determined that these proteins initially aggregate in small amorphous foci that we call proteostatic stress foci, and subsequently become sequestered in inclusions. We show that those aggregates, which accumulate in inclusions, are uniformly retained in the mother cell during budding. When, on the other hand, deletion of Hsp104 is used to trap aggregates in stress foci, many of them can pass into the daughter cells and some are inherited by the second and third generation. Interestingly, the model aggregating proteins examined in this study appear to be sequestered in inclusions prior to the budding event. The movement of inclusions between mother and bud, on the other hand, is constrained by their attachment to cellular organelles. We therefore suggest that confinement of aggregates in inclusions may be one of the general mechanisms for excluding them from nascent daughter cells.
RESULTS

Misfolded Protein Aggregates Can Form Proteostatic Stress Foci, Juxtanuclear Quality Control Compartment Inclusions, or Insoluble Protein Deposit Inclusions
In eukaryotes, aggregation prone proteins are partitioned between the juxtanuclear quality control compartment (JUNQ) and the insoluble protein deposit compartment (IPOD) (Tyedmers et al., 2010a; Figure 1A) . Proteins that are ubiquitinated by the protein folding quality control machinery are delivered to the JUNQ (Figures 1B and S1A; Movie S1) where they are processed for degradation by the proteasome. Misfolded proteins that are not ubiquitinated are diverted to the IPOD where they are actively aggregated in a protective compartment ( Figure 1C ). IPODs are juxtavacuolar sites where Hsp104-GFP colocalizes with insoluble aggregates (Kaganovich et al., 2008; also Figures 1E and S1B) .
In order to determine how asymmetric inheritance of aggregates in yeast is governed, we monitored the inheritance of two model aggregation-prone proteins (Kaganovich et al., 2008) , misfolded von Hippel-Lindau protein (VHL) and Ubc9 ts , using high-resolution live-cell three-dimensional (3D) time lapse (four-dimensional [4D] imaging). von Hippel-Lindau protein and Ubc9 ts model misfolding events that frequently occur in yeast, namely the formation of aggregates from unassembled subunits of a heteroligomeric complex (VHL) or thermal denaturation (Ubc9 ts ). When these proteins misfold and aggregate due to heat shock, they form proteostatic stress foci that colocalize with Hsp104 and are distinct from JUNQ and IPOD inclusions (Figures 1B, 1D, and 1E ; Movie S3; data not shown for Ubc9 ts ). Tracking these stress foci of VHL and Ubc9 ts with 4D imaging revealed that all of them dissolve on a time scale that is shorter than the yeast cell cycle (1-2 hr) (Kaganovich et al., 2008; Figure S2B) and are degraded in wild-type yeast (Kaganovich et al., 2008) . Under mild stress and proteasome-inhibition conditions, misfolded proteins in the cytosol and in stress foci are processed into JUNQ and IPOD inclusions ( Figure 1F ; Movie S4). In cells where the misfolded protein is not ubiquitinated it is targeted directly to a single IPOD inclusion, without first forming stress foci ( Figure 1C ). Whereas the stress foci always colocalize with Hsp104, as does the IPOD, the JUNQ does not ( Figures 1B, 1C , 1D, and S1A; Movies S1 and S2), though small amounts of Hsp104 can be detected in the JUNQ after prolonged severe stress (Kaganovich et al., 2008) ; D.K., unpublished data). We suggest, therefore, that previous studies that used tagged Hsp104 to detect aggregates usually observed stress foci and IPODs without distinguishing between them, but not JUNQ inclusions (Zhou et al., 2011) .
JUNQ and IPOD Inclusions are Asymmetrically Inherited During Cell Division
Given that inclusion formation of VHL and Ubc9 ts aggregates preceded budding, we reasoned that inheritance of inclusions must be accounted for in order to explain asymmetric segregation of aggregates. Hence, we went on to examine the inheritance of the JUNQ and IPOD inclusions. Strikingly, both the JUNQ and the IPOD are invariably retained by the mother cell during budding ( Figures 1G and 1H ; Movies S5 and S6). We observed JUNQ and IPOD retention in several consecutive budding events of the same mother (Movies S5 and S6), suggesting that delivery to inclusions is a critical step in managing the asymmetric inheritance of aggregates.
Hsp104 is Required for Disaggregating Stress Foci
In order to test this model, we required a method of preventing delivery of aggregates to the inclusions. Although depolymerizing the actin cytoskeleton has been used to generate aggregate structures in the past (Specht et al., 2011) , this approach disrupts the entire spatial organization of the cell, affects cell division, and therefore complicates the question of asymmetry during division. We reasoned that, since Hsp104 is observed in association with aggregates and the actin cytoskeleton (Liu et al., 2011) and since it is required for aggregate clearance (Kaganovich et al., 2008;  Figure 2A ), the disaggregase chaperone might also be required for the subsequent conversion of aggregates to inclusions. Interestingly, we observed that once proteins form stress foci upon mild heat shock, they require Hsp104 to be released from this state in order to undergo degradation or form inclusions (Figure 2A and data not shown). Indeed, when we heat shocked cells expressing VHL or Ubc9 ts in an Hsp104 deletion background, the stress foci phenotype persisted indefinitely, even after prolonged recovery at 25 C, and the misfolded proteins were never sorted to inclusions ( Figures  2A and S2A ).
In the Absence of Hsp104, Stress Foci are Inherited by Nascent Buds During Division, Abolishing Asymmetric Inheritance of Aggregates Without Hsp104, aggregates in stress foci were now freely inherited by the buds (Figure 2A ; Movies S7 and S8), and daughter/grand-daughter cells over several consecutive divisions ( Figures 2B and S2A ; Movies S9 and S10). Quantification of 200 budding events per strain revealed that multiple stress foci were aberrantly inherited by the daughter cell in 100% of the budding events ( Figure 2C ), whereas JUNQs and IPODs were retained in the mother cell in 100% of the budding events. Although some small aggregates, such as those formed by the proline-deletion variant of polyQ Huntingtin (Liu et al., 2011) have been shown to be asymmetrically partitioned in a polarisome-and Hsp104-dependent manner, in the absence of Hsp104 VHL and Ubc9 ts stress foci passed freely into the bud. On the other hand, even deletion of a critical polarisome component (Liu et al., 2010) , Bud6, failed to disrupt JUNQ and IPOD inheritance by the mother cell ( Figure 2C ; data not shown for IPOD).
The Movement of JUNQs and IPODs into Daughter Cells is Constrained by their Attachment to Organelles
In their previous study, Zhou et al. (2011) had speculated, based on an ad hoc stochastic model of aggregate motion, that inheritance asymmetry might result from the sheer unlikelihood of individual foci moving into the bud prior to division. Our data forced us to reject this hypothesis, first by establishing the specific and absolute asymmetry of inclusion inheritance, and second by showing that stress foci regularly diffuse into the bud if the absence of Hsp104 prevents their incorporation into inclusions. What remained was to identify a plausible alternative mechanism for the regulated retention of inclusions in mother cells. Toward this end, we noted that the diffusion of inclusions (A) Model: following misfolding or heat stress, aggregating proteins localize to proteostatic stress foci. They are then cleared from the cell or are processed into two compartments: (1) the JUNQ, which is attached to the nucleus and (2) the IPOD, which is attached to the vacuole. (B) Blocking quality control-associated proteasomal degradation leads to the accumulation of misfolded VHL-ChFP (red) in the JUNQ, which does not colocalize with Hsp104-GFP (green). Proteasome was inhibited by adding 80 mM MG132 to yeast media. See also Movies S1 and S2. (C) Hsp104-GFP (green) colocalizes at the IPOD with insoluble ChFP-VHL (red) when constitutively misfolded VHL is deubiquitinated via the overexpression of Ubp4 (also see Kaganovich et al., 2008) . (D) Upon temperature shift to 37 C, the misfolded VHL (red) forms proteostatic stress foci that are bound by Hsp104-GFP (green). VHL expression was shut off by addition of 2% glucose before temperature shift, as in all experiments. The JUNQ is also visible here and does not colocalize with Hsp104. See also Movie S3. (E) Stress foci are distinct from IPODs. Here the IPOD is visualized with polyglutamine HttQ97-GFP, which forms amyloids. Stress foci are visualized with VHL-ChFP heat shocked at 37 C. (F) Upon temperature shift to 37 C and proteasome inhibition with 80 mM MG132, the GFP-Ubc9 ts (green) stress foci are processed into JUNQ and IPOD inclusions. The nucleus is labeled by NLS-TFP (red). Three-dimensional images were acquired at 4 min intervals. See also Movie S4. (G) The JUNQ, containing a soluble aggregate of GFP-VHL, is always asymmetrically inherited by the mother cell (200 cell divisions were scored). The nucleus is marked by NLS-TFP (red). Three-dimensional images were acquired at 4 min intervals. See also Movie S5. (H) The IPOD, containing an insoluble aggregate of ChFP-VHL, is asymmetrically inherited by the mother cell. Over the course of cell budding, the IPOD remains attached to the vacuole, labeled with Vph1-GFP. Images were acquired at 4 min intervals. See also Movie S6. See also Figure S1 .
into daughter cells appears to be constrained by their association with organelles-the vacuole in the case of the IPOD and the nucleus in the case of the JUNQ ( Figures 3A and 3B ; Movies S11, S12, and S13). The IPOD can always be observed colocalized with the vacuole, and diffraction-limited 3D structured illumination microscopy (SIM), which resolves to below 100 nm, demonstrated that the two structures are in contact (Figures 3E and S3B for intensity profile). This supports previous electron microscopy (EM) studies (Kaganovich et al., 2008; Tyedmers et al., 2010b) showing direct contact between the IPOD and the vacuole. Furthermore, the IPOD colocalizes with the Cvt19 protein, which has previously been shown to be associated with the vacuole at the preautophogosomal structure (Shintani and Klionsky, 2004 ; Figure S3A ). The JUNQ, on the other hand, is confined to the surface of the nucleus. Three-dimensional confocal imaging demonstrated that the JUNQ forms in a visible ''pocket'' in the nuclear membrane ( Figure 3D ). These data are in agreement with previous 3D imaging and EM studies (Kaganovich et al., 2008) . We therefore undertook to consider a simple explanation for the phenomenon of asymmetric inheritance of these aggregates: that their movement and inheritance is constrained by sequestration in organelle-associated inclusions.
To investigate this possibility, we examined the association between the IPOD and the vacuole by continuous acquisition (z stack every 5 s) 4D imaging of yeast cells. We observed that the movement of the inclusion in 3D corresponds perfectly with the vacuolar membrane ( Figure 3A ; Movie S11). Similarly, we generated 4D movies of the JUNQ and the nucleus. The path of the JUNQ clearly follows a trajectory along the surface of the nucleus (Figure 3B ; Movies S12 and S13, side view). We monitored the inclusions and their organelles for periods of up to t = 90 min (e.g., Movies S6 and S12), and found that the Upon recovery at 30 C, GFP-Ubc9 ts stress foci in mother and daughter cells were followed. The nucleus is labeled by NLS-TFP (red). See also Movie S10.
(C) Quantification of asymmetrical inheritance of different kinds of VHL aggregates during cytokinesis. Juxtanuclear quality control compartments and IPODs were retained in the mother cell in 100% of the budding events, whereas several stress foci were inherited by the daughter cell in 100% of the budding events in DHsp104 cells. All cells were transiently heat shocked (42 C, 45 min) to trigger protein aggregation. Upon recovery at 30 C, GFP-Ubc9 ts or GFP-VHL stress foci in mother and daughter cells were followed. N = 100-200 cells, error bars represent SE. See also Figure S2 .
inclusions remained localized to their organellar surfaces without interruption. To quantify the significance of these results, we estimated the likelihood of a freely diffusing particle remaining in a one-dimensional interval roughly L = 0.5 microns in length with a reflecting right boundary (corresponding to the organellar surface) and an absorbing left one (corresponding to the rest of the cell). For this purpose, we assumed the diffusion constant employed in the model of Zhou et al. (2011) (0.0005 square microns per s), obtaining a p value estimate of p $ exp½ÀtDp 2 = 4L 2 = 10 À12 . From this, we concluded that the observed movement of both inclusions cannot be accounted for by a random walk in all directions, and rather must be constrained in such a way that the inclusions remain confined to organellar surfaces by some means of attachment. Thus, the seemingly random Kaganovich et al., 2008) . Reduced proteasome activity (Rpn11-DAmP strain) leads to VHL accumulation in the JUNQ. Three-dimesional images were acquired at 5 s intervals. See also Movies S12 and S13 for side view. (C) Mitotic arrest, caused by heat shock at 37 C in the rpn11-DAmP proteasome-inhibited background leads to aberrant inheritance of the JUNQ inclusion. Since sister-chromatid separation is blocked, the entire nucleus is pulled through to the daughter cell, together with the JUNQ. The JUNQ is visualized via a soluble aggregate of GFP-VHL; the nucleus is labeled by NLS-TFP (red). See also Movie S14. component of the trajectory with which the JUNQ and IPOD move within the cell is arguably the aspect of their motion that is least relevant to asymmetric inheritance. Instead, it is much more plausible that aggregate inheritance is determined by the asymmetry of organelle inheritance during the budding event.
Finally, in order to demonstrate that asymmetric retention of inclusions is not a categorical consequence of the inability of inclusions to pass through the bud neck, we picked a condition under which nuclear division during budding is disrupted. We observed the inheritance of the JUNQ in cells with poorly functioning proteasomes (rpn11-DAmP strain; Breslow et al., 2008) at 37 C. Since there is not enough proteasome activity in this strain at high temperatures to allow for sister-chromatid separation, the cells are unable to divide the nucleus and in some cases, the entire nucleus is pulled through to the daughter cell. Only in this case, when the entire nuclear structure was pulled through, did we observe aberrant inheritance of the JUNQ by the daughter cell ( Figure 3C ; Movie S14). This exception proves the rule: aggregates in the JUNQ are actively retained in mother cells through a regulated process that ensures asymmetric segregation, and in this rare case breaks down only because tethering to the nuclear structure forces aberrant inheritance by the daughter cell. These data suggest that by confining inclusions to organelles, cells are able to regulate their localization and movement during division.
Aggregates in JUNQ and IPOD are Asymmetrically Inherited even in the Absence of Hsp104
We noticed that Hsp104 is not required for delivering aggregates to JUNQ and IPOD per se, only to disaggregate stress foci, which without Hsp104 appear to be a trapped intermediate. Without heat shock, VHL aggregates were able to form JUNQs and IPODs ( Figures 4A and 4B; in fact, we observed a greater incidence of spontaneous JUNQ formation [without proteasome inhibition] in the absence of Hsp104, likely due to a decrease in proteostasis buffering capacity). We exploited this fact to further validate our model. We asked whether forcing misfolded proteins into the IPOD by blocking their ubiquitination restores asymmetric inheritance of aggregates, even in Hsp104-deleted cells. In the absence of Hsp104, aggregates that are forced into the IPOD by ubiquitin protease 4 (Ubp4) overexpression are once again completely retained in the mother cell ( Figure 4B ; Movie S15). The JUNQ was also completely retained in the mother cell over consecutive divisions without the presence of Hsp104. Thus, our data demonstrate that sequestration in a JUNQ or IPOD inclusion is sufficient for asymmetric inheritance of aggregates in yeast, even in the absence of Hsp104 (Figure 4C,  model) .
DISCUSSION
The accumulation of protein aggregates is often attributed to a decline of protein folding quality control functions in the cell (Nyströ m, 2011; Treusch et al., 2009; Winkler et al., 2012) . Asymmetric aggregate inheritance has been proposed as a method of decreasing the aggregation load on a nascent cell, by partitioning aggregates to a specific lineage during division Liu et al., 2010 Liu et al., , 2011 Nyströ m, 2011) . Previous studies have demonstrated that aggregates of carbonylated proteins, colocalizing with Hsp104, are asymmetrically partitioned to the mother cell in budding yeast . Damage to the actin cytoskeleton, whether direct or via deletion of the Sir2 deacetylase, as well as deletion of Hsp104, disrupted this asymmetry . Remarkably, the disruption of asymmetric aggregate partitioning observed in the genetic deletions of Sir2 and Hsp104 coincided with a shorter replicative life span for the emerging daughter cells . It was hypothesized that the actin cytoskeleton plays a role in delivering aggregates to specific locations in the mother cell, thus preventing them from contaminating the bud, though other studies proposed a stochastic model of asymmetric inheritance over time (Liu et al., 2010 (Liu et al., , 2011 Zhou et al., 2011) .
In this study, we use model misfolded proteins VHL and Ubc9 ts to demonstrate that Hsp104-mediated disaggregation of transient stress foci, and the delivery of aggregates to JUNQ and IPOD inclusions (depicted schematically in Figure 1A) , is required for asymmetric inheritance of these aggregates. Aggregates that remain in stress foci in the absence of Hsp104 and are not retained in inclusions freely pass into the bud and are inherited by emerging generations of yeast. We therefore suggest a mechanism for ensuring asymmetric inheritance: sequestering aggregates in organelle-attached inclusions marks them for retention in the mother cell. Confinement of the JUNQ to the nucleus and the IPOD to the vacuole ( Figure 4C ) determines their asymmetrical inheritance. It is important to note that Hsp104 is not essential for the formation of JUNQ and IPOD inclusions ( Figures 4A and 4B ). Hence, it would appear that it is the disaggregase activity of Hsp104 (as opposed to its aggregase activity; Lindquist, 2004, 2006; Winkler et al., 2012) that is required for the processing of stress foci into inclusions.
These results may help explain why the Hsp104 expression level is a predictor of yeast life span Xie et al., 2012) , and why overexpression of Hsp104 suppresses the Sir2 shortened life-span phenotype . Without disaggregation by Hsp104, damaged proteins cannot be sequestered in inclusions and therefore propagate through the generations, contaminating the emerging population of yeast.
In a previous study carried out by Zhou et al. (2011) it was suggested that asymmetric segregation arises as a simple consequence of how protein aggregates ''anomalously diffuse'' in the boundary conditions set by the size of the bud neck through which aggregates must pass in order to be inherited by the daughter. Our findings confound this proposal by demonstrating the ease with which stress foci may diffuse into the bud in the absence of Hsp104. Intriguingly, our model also offers an easy explanation for the so-called ''anomalous'' diffusion reported by the authors in their study, in which aggregates were often observed to achieve mean-squared displacements from their starting positions that had a wide distribution of different power-law dependences on time. The authors referred to superlinear scaling as ''superdiffusion'' and sublinear scaling as ''confinement''; however, they did not establish an explanation for either phenomenon. Our model of inclusion confinement on organellar surfaces suggests a possible mechanism for superdiffusion, insofar as an attachment to a large body like the nucleus or vacuole would couple an inclusion to shocks and stresses happening on the scale of the entire cell. In Movie S11, for example, the occasional sharp, sudden, nondiffusive jumps of the IPOD are coupled to the motion of the vacuole in a way that is highly suggestive of large scale intracellular rearrangements; however, this matter deserves further investigation.
The sublinear, ''confinement''-type scaling Zhou et al. (2011) observed meanwhile has a natural explanation in the constraints placed on aggregate motions by membrane surfaces. Let us begin by considering physical intuition for the instructive case of a random walk on a sphere (such as the quasi-spherical nucleus or vacuole): over short times, the walk should traverse distances small compared to the radius of the sphere, and the scaling of mean square displacement (MSD) projected into the plane should be indistinguishable from that of a free random walk in a flat plane and should therefore be linear ( Figure S3C ). However, as time goes on, the random walk begins to experience the curvature of the sphere and ultimately runs up against an upper bound on how far away it can get from its starting point. The result is that the slope of MSD should hook downward with time, leading to an overall sublinear scaling at intermediate times.
This argument may be made rigorous by solving the rotational diffusion equation for the probability density fðq; tÞ
with the initial condition of fðq; 0Þ = dðqÞ. (Here we have integrated out the irrelevant azimuthal angular variable f). The solution may be written as
where C l are positive constants and P l are the Legendre polynomials. In the Extended Discussion, we show that the MSD averaged uniformly over all possible two-dimensional (2D) projection planes may be expressed as MSDðtÞ = Z dðcos qÞfðcos q; tÞ½AP 0 ðcos qÞ À BP 1 ðcos qÞ
where A and B are positive constants. Because of the orthogonality of the Legendre polynomials P l , we therefore immediately obtain the exact result
where C is a positive constant. This type of sublinear time dependence is indistinguishable from the ''anomalous'' diffusive behavior previously reported.
A key point here is that both stress foci and inclusions might be expected to exhibit this type of behavior. To whatever degree diffusive motion was hampered by the presence of confining membrane surfaces (whether for an aggregate sandwiched in the 1-2 micron thick space between the vacuole and the plasma membrane, as in the case of stress foci, or one confined to the surface of the nucleus or vacuole, as in the case of an inclusion), this confinement would have measurable consequences in the sublinear scaling of MSD. Strikingly, when Zhou et al. (2011) assigned power-law exponents to the sublinear MSDs of so-called ''aged'' aggregates, i.e., IPOD inclusions, the exponents were near the extreme low end of the spectrum they observed in the diverse aggregate population as a whole, indicating that IPODs were atypically strongly confined (compared to stress foci). Indeed, it was only when the authors assumed this extremely high degree of confinement in their model of aggregate segregation that they were able to make their analytical model consistent with the extreme asymmetry observed in vivo. Thus, our model of membrane-based aggregate confinement is not only consistent with the data of Zhou et al. (2011) it also helps to clarify their own analysis of it.
It is still not clear what role actin cables play in delivery of aggregates to inclusions. The actin cytoskeleton is required for the maintenance of asymmetry and for inclusion formation. One possibility is that aggregates are transported by unknown machinery, along actin cables away from the daughter cells. Without knowing the machinery that links aggregate to actin cable, it is difficult to discount the possibility that a native actin cytoskeleton is required for the proper transport and diffusion of other elements in the cytosol, that ensure proper delivery of aggregates to inclusions. The data presented here highlight the importance of aggregate compartmentalization to protein folding quality control and aging and argue strongly for a factordependent model of asymmetric inheritance. Our model opens up an important direction in the study of aging in unicellular organisms and higher eukaryotes.
EXPERIMENTAL PROCEDURES
Yeast Strains and Materials
Yeast media preparation, growth, and yeast transformations were performed according to standard protocols as in (Kaganovich et al., 2008) . von Hippel-Lindau protein, fused to GFP or mCherry fluorescent protein (ChFP) to facilitate detection, was expressed under the control of a galactose-regulated promoter (Gal1p). The strains were grown to OD600 0.8 in synthetic media containing 2% raffinose for 72 hr, diluted to OD600 0.2 in 2% galactose-containing media, and grown for 8 hr. To shut-off expression galactose-containing media was replaced with synthetic media supplemented with 2% glucose (SD). The genotypes of the strains and plasmids used in this study are summarized in Tables  1 and 2. Fluorescent 3D Time Lapse: 4D Imaging For time-lapse imaging, cells were seeded on concanavalin A-coated 384-well microscope plates (Matrical Bioscience) or 8-well chambered coverslips (Ibidi). Confocal 3D movies were acquired using a dual point-scanning Nikon A1R-si microscope equipped with a PInano Piezo stage (MCL), using a 603 PlanApo IR water objective NA 1.27, 0.3 micron slices, and 0.5% laser power (from 65 mW 488 laser and 50 mW 561 laser). Prior to imaging the point-spread function was visualized with 100 nm fluorescence beads in order to adjust the correction ring of the objective to the coverslip thickness. Images were acquired in resonant-scanning mode. z stacks were acquired every 5 s for 70 s or every 4 min for 70 min, with some exceptions. Each z series was acquired with 0.5 micron step size and 30 total steps. Image processing was performed using NIS-Elements software. Volume-view snapshots from movies are shown in Figures 1, 2, 3, 4 , S1, S2, and S3 and the movies are shown in Movies S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, and S15.
Long-Term Water Immersion Microscopy
Evaporative loss of water immersion fluid was countered by microfluidics. Briefly, a Chemyx Fusion 200 syringe pump was used to perfuse water at a rate of 10 ml/min through Tygon microtube with a 0.01 in internal diameter. Water formed a droplet at the end of the tubing and was pulled into the interface between the glass coverslip and the objective by capillary forces. This design permits water immersion microscopy for over 24 hr at 25 C.
Structured Illumination Microscopy Imaging
Cells were seeded on concanavalin A-coated Ibidi 35mm plates, with a 1.523 refractive index glass coverslip bottom (170 ± 10 mm thickness). Prior to imaging the point-spread function was visualized with 100 nm fluorescence VPH1-mCherry MATa leu2-3,112 ura3-52 his3-D200 trp1-D 901 lys2-801 suc2-D 9 VPH1-mCherry::TRP1 beads in order to adjust the correction ring of the objective to the coverslip thickness. For the images shown in Figure 3 , a 603 water objective NA 1.27 was used. The raw data were examined carefully, and the optical grit pattern was clearly visible in all sets of images that were used. Images were reconstructed with NIS-Elements software.
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